ABSTRACT. The growth adaptability to increasing concentration of the biocide 2-phenoxyethanol (PE) was determined in Pseudomonas aeruginosa PAO1 (P.a.) as part of efforts to understand and control the biocide tolerance and its effect on cross-resistance to other biocides and resistance to antibiotics. After repeated subculturing in media containing increasing sub-minimum-inhibitory PE concentration, P.a. exhibited an adaptive resistance indicated by two-fold increase in MIC at the 10th passage. The resistance was stable and remained after passaging the strain in further 7 successive passages in PE-free growth media. The strain showed cross-resistance towards dissimilar biocides and displayed increased susceptibility to antibiotics, which was not influenced by the presence of the efflux inhibitor 'carbonyl cyanide m-chlorophenyl hydrazone'. Outer membranes of adapted strain showed altered protein profile when examined by SDS-PAGE.
P.a. is an opportunistic human pathogen characterized by innate resistance to multiple antimicrobials (Hancock 2000; Loughlin et al. 2002) . Adaptation of P.a. to disinfectants by serial passage in increasing concentration of biocides is well documented (Loughlin et al. 2002; Abdel Malek et al. 2002; Winder et al. 2000) . The presence of constitutive and inducible efflux mechanisms removing a huge range of antimicrobials from the cell has been detected in P.a. These efflux systems are considered an important factor in resistance (Hancock 2000) . PE (a biocide used as a preservative in pharmaceutical, cosmetic and perfumery formulations) has a rapid bactericidal effect against a wide range of bacteria (including P.a.) and has been used as a general antiseptic, bladder irrigant and in the treatment of burns (Wilson et al. 1990 ). It affects a multitude of intracellular targets, producing membrane disruption by interfering with ATP synthesis (Beveridge et al. 1990) . At sublethal biocide level, a variety of concentration-dependent inhibitory processes take place, from actions such as potassium-proton antiporters and respiration uncouplers to competitive inhibition of NADH binding by malate dehydrogenase. At sub-MICs, DNA biosynthesis is slowed relative to general anabolism (Russell 2003; Gilbert and MacBain 2003) . Bacterial resistance to a large number of biocides has been reported and attention is turning to them as a possible cause for bacterial resistance to antibiotics.
We aim at finding whether subjecting P.a. to sub-MIC concentration of PE would result in adaptation or resistance and whether this adaptation would produce cross-resistance to other biocides or antibiotics. Possible mechanisms of resistance that involve OM protein changes and efflux will be examined.
MATERIALS AND METHODS
Bacterial cultures. Stock cultures of P.a. PAO1 (NCIMB 10548) were obtained from NCIMB (Aberdeen, UK) and were sub-cultured in R 2 A medium (Reasoner and Gelreich 1985) ; that culture was used as the PE-sensitive strain (wild type).
Chemicals. PE and CHX were purchased from Sigma-Aldrich, BIT and FNC were the kind gift of Dr. I. Al-Adham (Dar-Al Dawa Pharmaceuticals, Amman, Jordan). The pyrithione biocides (NaPT, ZnPT) were the kind gift of Zeneca (Manchester, UK).
Biocides were solubilized in dimethylformamide, variable concentrations being prepared in sterile distilled H 2 O and kept in amber glass bottles at 4 °C until used within a week from preparation. CCCP (Sigma-Aldrich) was prepared by dissolving 10 mg/mL in MeOH.
Antibiotic discs of TZP, CIP, TIC, TOB, AKC, IPM, GNC, ATM, and CAZ were purchased from Oxoid (Germany).
Estimation of MIC of all biocides was done using the tube macro-dilution method (Bloomfield 1991) .
Determination of MBC. As the bacteria became more resistant it was difficult to detect the MIC. Thus, MBC was determined. The lowest concentration of the biocide that did not support bacterial growth was designated as MBC.
Induction of biocide adaptation. PE adaptation experiments were performed according to Winder et al. (2000) and Abdel Malek et al. (2002) . Briefly, fresh P.a. PAO1 culture was prepared by inoculating 25 mL of R 2 A broth with 250 L of an overnight culture (A 470 adjusted to 0.7), and adding an aliquot of PE that is equal to ¼ of the previously determined MIC. This culture was considered as passage 1 (P1). Once the MIC value of this passage was re-determined and density adjusted, 250 L of this culture was inoculated in fresh 25 mL of R 2 A media containing ¼ of the newly determined MIC. This procedure was repeated for 10 successive passages. Cells from the final passage (P10) were deemed tolerant to PE. These cells were passaged 7 × successively in PE-free culture media to examine stability of the phenotype. The experiments were performed in triplicates, results being the mean.
OM protein preparations and SDS-PAGE. An aliquot (10 mL) from each passage culture was centrifuged (4500 g, 20 min) and cells were washed 3 × in 25 mmol/L Tris-HCl (pH 7.4) buffer containing 1 mmol/L MgCl 2 . Pellets were used for OM preparations (Pugsley et al. 1986 ). SDS-PAGE analysis was performed according to Winder et al. (2000) and Abdel Malek et al. (2002) . Briefly, OMs were resuspended in 100 L of Tris-HCl buffer (pH 7.4). An aliquot of the OMs was mixed with an equal volume of the cracking buffer: Tris-HCl (3.75 mL, 0.5 mol/L, pH 6.8), 2-sulfanylethanol ('-mercaptoethanol'; 1.5 mL), SDS (0.6 g), glycerol (3 g), bromophenol blue stock (1 mL, 0.1 %, W/V); pH 6.8 was made up to 10 mL with distilled water. Samples were heated in a boiling water bath for 5 min prior to loading onto the stacking gels. Denatured proteins were then run on a protean II (Bio-Rad, UK) SDS-PAGE system with 0.5 mm spacers and 10 % gel. The gel was stained with Coomassie blue R250 (Brözel and Cloete 1993) .
Cross-resistance to biocides. MIC for FNC, CHX, BIT, ZnPT and NaPT was determined using absorbance-adjusted (A 470 0.7) PE adapted cells (P10) as inoculum.
Cross-resistance to antibiotics. Wild type and PE-adapted (P10 and P17) cultures were freshly prepared and inoculum size was adjusted to A 470 of 0.7. Antibiotic sensitivity was determined using the disc diffusion method: bacterial cultures were seeded on MHA and antibiotic discs were applied; the inhibition zones were measured.
Efflux experiments. R 2 A broth was inoculated with PE sensitive or P10 cells and the efflux inhibitor CCCP (15 g/mL) (Abdel Malek et al. 2009 ) was added simultaneously with inoculation. A set of control cultures was also prepared without the addition of CCCP. The cultures were incubated overnight in an orbital shaker incubator and MBC of PE was determined.
Multiple drug resistance and efflux. Antibiotic sensitivity of PAO1, PE adapted cells (P10) and (P17) was tested by the disc diffusion method. The cultures were prepared in the presence or absence of CCCP as mentioned above. Cultures were seeded on MHA plates and antibiotic discs were applied. Plates were incubated at 37 °C for 1 d and inhibition zones were measured.
RESULTS AND DISCUSSION
Induction of resistance. Extended exposure of P.a. to sub-MIC levels of PE resulted in a gradual increase in the MIC (Table I ). The MIC increased significantly (p < 0.05, ANOVA single factor) from 33 g/L for the PE-sensitive strain to 82 g/L for P10 cells. Adaptation of the bacteria to the biocide was accompanied by reduction in the growth rate which is known to accompany adaptation processes (Gilbert and MacBain 2003) . The adaptation process was not lost upon the removal of the biocide from the medium, there was slight reduction in the MIC. However, the cells remained resistant to the presence of the biocide with an average MIC of 82 g/L. MBC values obtained from the biocide free passages confirmed the stability of adaptation (results not shown); this stability suggests a chromosomal mutation. Cross resistance experiments have shown that PE adaptation produced significant (p < 0.05, Wilcoxon rank sum test) reduction in the susceptibility towards NaPT, FNC, CHX, ZnPT and BIT (Table II) . PE resistance resulted in small changes in susceptibility towards ZnPT and NaPT. The MIC changed from 4 to 8 and 60 to 69 g/mL, respectively. However, Abdel Malek et al. (2002) reported ZnPT induced resistance to increase MIC to 25 g/mL from an initial value of 4 g/mL. In that study ZnPT resistance resulted in cross resistance towards NaPT and caused the MIC of NaPT to change from 30 to 115 g/mL. A similar effect was observed with CHX. We observed that MIC of CHX changed from 6 to 8 g/mL while Thomas (2000) has reported that this value for CHX resistant strains reached 70 g/mL from an initial 8-10 g/mL. FNC suscebtibility increased slightly from 63 to 78 g/mL as well.
Biocide resistance in bacteria is known to involve several mechanisms (Loughlin et al. 2002; Abdel Malek et al. 2002 , 2009 Russell 2003) thus when a small increase in MIC is observed it indicates the possible disabling of one biocide target (Gilbert and MacBain 2001) . Cross-resistance to BIT on the other hand, showed significant (p < 0.05) three-fold increase in the MIC from 32 to 85 g/mL (Table II) . BIT (isothiazolone biocide) is often described as thiol-interactive preservative (Bloomfield 1991) . The level of BIT induced resistance (Winder 2000) was similar to the level of resistance observed by us. There are no common targets between PE and BIT (Russell 2003) yet three-fold reduction in a susceptibility can only indicate a common penetration site for the two biocides.
OM experiments. A possible explanation for increased resistance to PE is the physiological adaptation of the envelope to prevent entry of the biocide. Changes in susceptibility towards biocides have been correlated with OM changes (Loughlin et al. 2002; Abdel Malek et al. 2002; Winder et al. 2000; Brozel and Cloete 1994) . It is known that a major mechanism of resistance to biocides is reduced uptake due to impermeability or efflux (Russell 2003) . We examined the OMs of PE-sensitive and -resistant strains by SDS-PAGE (results not shown). Induced PE resistance was accompanied by OM alterations that were coincident with the initial exposure to ¼MIC of PE. In SDS-PAGE analysis of the OM of the PAO1, P1, P10 and P17, four proteins designated 1-4 are of interest here. Protein 1 had reduced density in P1, then it disappared in P10 and P17. This protein has a molar mass >30 kDa. A 36-kDa protein has been shown by others (Winder et al. 2000; Brozel and Cloete 1994) to disappear as P.a. developed resistance to BIT and similar thiol interactive compounds. Protein 2 (>30 kDa) was not present in PAO1 but started to appear as the cells were exposed to PE (P1) and increased in intensity till the maxinum in P10 but it disappeared upon the removal of Protein 4 (14 kDa) is present in low concentration in the sensitive strain but appears to have disappeared during the adaptation process. Thus multiple OM protein changes could be contributing to the mechanism of resistance towards PE and hence to other biocides, through increasing the barrier properties and preventing access of biocides to their site of action (Gilbert and MacBain 2003) . On the other hand, such alterations in OM proteins could also increase the possibility of antibiotic penetration.
Multiple drug resistance and efflux. A general increase in antibiotic susceptibility was observed (Table III) especially towards extended spectrum penicillins (TIC, TZP) and the aminoglycoside TOB as well as the cephalosporin CAZ. This increase in susceptibility was not affected by the presence of CCCP nor did it require the continuous presence of PE (see P17 in Table III) . Hyper-susceptibility to antibiotics after biocide resistance has been reported by Masuda et al. (2001) and it was related to the expression of the efflux system MexCD-OprJ and the reduced expression of MexAB-OprM. PE is known to have uncoupling properties at low concentration (Masuda et al. 2001) ; it could explain the increased sensitivity towards antibiotics through inactivating the constitutive efflux pump MexAB-OprM. However, to test whether the expression of MexCD-OprJ efflux is behind the increased susceptibility to antibiotics we exposed P10, P17 cells to CCCP and then measured the antibiotic sensitivity (Table III) . There was no change in the diameter of inhibition zone after addition of CCCP except for GNC. In fact, when CCCP was included in the growth media of both PAO1 and P10 cells, susceptibility towards PE did not show significant change (Table IV) . The MBC of PE on P10 cells changed from 73 to 65 g/L, however this reduction was insignificant (p > 0.05, Wilcoxon rank sum test). There was no significant (p > 0.05) effect of CCCP on the PAO1 strain (MBC change from 46 to 45.3 g/L) as well. This further strengthens the noninvolvement of RND efflux pumps in PE adaptation. We suppose that there has been a mutation that resulted in the suppression of efflux pumps in the form of changes in the OM components of the pumps and that the mutation has resulted in expression of other proteins that allowed the increased penetration of antibiotics, hence they increased antibiotic susceptibility.
The inability of microorganisms to adapt to PE makes it invaluably more effective than other preservatives. However, our results have shown that P.a. can adapt to this biocide and that the change in susceptibility is stable. This adaptation conferred marginal resistance to other unrelated biocides and increased sensitivity to clinically used anti-pseudomonas antibiotics. It suggests that continuous use of antimicrobial agents in certain products and environments is likely to lead to enhanced microbial insensitivity towards other antimicrobials and emergence of hypersensitive antibiotic mutants.
The author would like to thank the Deanship of Graduate Studies and Research at the Petra University for funding this research by the grant (5/1/2003). The authors appreciate the assistance of Prof. K. Matalka in the statistical analysis and would like to thank Ms. Anmar Al-Sharif for her assistance. 
